G protein-coupled receptors (GPCRs) mediate responses to a broad range of chemical and environmental signals. In yeast, a pheromone-binding GPCR triggers events leading to the fusion of haploid cells. In general, GPCRs function as guanine-nucleotide exchange factors (GEFs); upon agonist binding, the receptor induces a conformational change in the G protein a subunit, resulting in exchange of guanine diphosphate (GDP) for guanine triphosphate (GTP) and in signal initiation. Signaling is terminated when GTP is hydrolyzed to GDP [1] . This well-established paradigm has in recent years been revised to include new components that alter the rates of GDP release, GTP binding [2] [3] [4] [5] [6] [7] [8] , and GTP hydrolysis [9, 10]. Here we report the discovery of a nonreceptor GEF, Arr4. Like receptors, Arr4 binds directly to the G protein, accelerates guanine-nucleotide exchange, and stabilizes the nucleotide-free state of the a subunit. Moreover, Arr4 promotes G protein-dependent cellular responses, including mitogen-activated protein kinase (MAPK) phosphorylation, new-gene transcription, and mating. In contrast to known GPCRs, however, Arr4 is not a transmembrane receptor, but rather a soluble intracellular protein. Our data suggest that intracellular proteins function in cooperation with mating pheromones to amplify G protein signaling, thereby leading to full pathway activation.
Results
Screen for a Novel GEF in Yeast Heterotrimeric G proteins are well known to function as signal transducers, coupling receptors at the cell surface to specific enzymes inside the cell. Recent research has uncovered the existence of nonreceptor activators of G protein signaling, including a nonreceptor guanine-nucleotide exchange factor (GEF), Ric-8a [2] [3] [4] [6] [7] [8] . It is not known, however, whether such factors contribute to G protein-coupled receptor (GPCR) signaling. To address this question, we investigated whether the yeast mating-response pathway makes use of a nonreceptor GEF. Accordingly, we considered 27 proteins reported to bind to the yeast Ga subunit Gpa1 . Of the proteins we tested, seven exhibited preferential interaction with guanine diphosphate (GDP)-bound Gpa1, compared to the constitutively active guanine triphosphate (GTP)-bound Gpa1 Q323L (see Table S1 , available online). GDP-dependent binding is a common characteristic of GEFs for small GTPases [11] , as well as for Ric-8a [3] .
Because Gb subunits and other GDIs also bind preferentially to Ga in the GDP-bound state, we next determined which of the candidate proteins preferentially interact with the Ga mutant Gpa1 N388D , previously determined to form a stable but nonproductive complex with a known GPCR and GEF Ste2 (binding was observed even in the absence of pheromone) [12] . We anticipated that the mutant G protein might bind preferentially to other proteins having exchange-factor activity. Of the seven candidates tested, only Arr4 and Reg1 bound preferentially to Gpa1
N388D
. Notably, Arr4 is expressed as a dimer, as are many GPCRs, including Ste2 [13, 14] . Relative to total expression, Arr4 copurified 8-fold more Gpa1
N388D than Gpa1 and 3-fold more Gpa1 than Gpa1 Q323L ( Figures 1A and 1B) . A similar preference was shown previously for binding to Ste2 [12] .
Direct, Nucleotide-Dependent, Subtype-Selective Interaction between Arr4 and Gpa1 We next investigated whether Arr4 overexpression activates G protein signaling in vivo. Overexpression of a GEF, even in the absence of any stimulus, often increases basal activation of the G protein. For example, overexpression of Ric-8a leads to increased basal phospho-ERK production in CHO cells [15] . Similarly, we found that overexpression of ARR4 induced a 3.5-fold increase in the basal transcription of Gpa1-dependent mating genes (FUS1-lacZ, see Figure 1C ). Overexpression of the receptor Ste2 yields a comparable (w3-fold) increase in basal FUS1-lacZ expression (data not shown), whereas pheromone binding produces an even larger (w50-fold) increase in activity. This phenotype was dependent on the function of Arr4, given that overexpression of a dimerization-deficient mutant Arr4
CCTT had no effect [13] . Furthermore, Arr4-stimulated transcription required mating-pathway effectors, such as Ste7, but not the pheromone receptor Ste2 ( Figure 1D ). Basal activation by Arr4 was equivalent in the presence and absence of the receptor; however, the baseline activation was higher in the absence of the receptor, as noted previously [16] . The mechanism by which Ste2 dampens basal activity is unknown, but it may result from sequestration of the G protein heterotrimer and dampening of spontaneous activation in the absence of a pheromone signal. These data suggest that Arr4 functions as a GEF for Gpa1 in vivo.
To determine whether the interaction between Arr4 and Gpa1 is direct or facilitated by another protein, we purified 6xHIS-Gpa1 and GST-Arr4 from E. coli and reconstituted these proteins in the presence of GDP or GDP plus AlF 4 2 (a transition-state mimic that induces the activated conformation of Ga). Consistent with our in vivo observations, purified Arr4 coprecipitated more efficiently with the GDP-bound form of Gpa1 than with the GDP-AlF 4 2 -bound Gpa1 ( Figure 2B , lanes 1-6). Arr4 did not interact with Gpa2, the only other Ga subunit in yeast ( Figure 2B, lanes 7-12) .
Arr4 was shown to be a copper-binding protein, and copper induces Arr4 dimer formation [13] . As noted above, Arr4 dimerization is required for Gpa1-mediated signaling in vivo (Figure 1C) . Dimerization is likewise required for strong binding to Ga, given that Arr4 in the absence of copper bound poorly to Gpa1 in vitro (Figure 2A ). Copper did not stimulate binding between Gpa1 and the dimerization-deficient Arr4
CCTT mutant *Correspondence: hdohlman@med.unc.edu (Figure 2A ), consistent with the established evidence that copper binding induces dimerization. These data together show that dimerized Arr4 activates Gpa1-mediated signaling and interacts with Gpa1 in a direct, subtype-selective, and GDPdependent manner consistent with that of known GEFs.
Arr4 Stabilizes Nucleotide-Free Gpa1
GPCRs are known to bind to and stabilize the nucleotide-free form of Ga proteins. To determine if Arr4 can perform this function, we resolved purified Arr4 and Gpa1 by steric-exclusion chromatography. Proteins were detected by absorbance, by immunoblotting, and by protein staining ( Figure 2C , and data not shown). In the presence of copper, Arr4 and Gpa1 coeluted, and they did so with a mass corresponding to that predicted for the Arr4-dimer/Gpa1 complex at a 2:1 stoichiometry. This complex was disrupted by the addition of excess GDP, yielding two distinct peaks, one at the predicted mass of Gpa1 and another corresponding to dimerized Arr4. The Arr4 dimer was further dissociated by the removal of copper (Figure 2C ). These results demonstrate that Arr4 dimer binds stably to the nucleotide-free form of Ga.
Arr4 Promotes Nucleotide Exchange on Gpa1 In Vitro
In the absence of a GEF, the rate-limiting step in the G protein nucleotide cycle is the release of GDP [17] . A GEF accelerates GTP binding by stabilizing the nucleotide-free state of Ga, thereby promoting GDP release. Using purified components, we found that a 2:1 molar ratio of Arr4 to Gpa1 accelerates the rate of GTP binding, from 0.085 pmol to 0.36 pmol GTPgS$pmol Gpa1
21
$min 21 ( Figure 3A ). This is comparable to the GEF activity reported for Ric-8a [3, 4] (the GEF activity of the receptor Ste2 has never been quantified). In the absence of copper, Arr4 had almost no effect on GTPgS's binding to Gpa1 ( Figure 3B ). Arr4 alone, with copper, or without copper could not itself bind GTPgS (Figures 3A and 3B) .
Because GEFs function at the rate-limiting step in the GTPase cycle, acceleration of nucleotide exchange should also increase the rate of GTP hydrolysis. As a second measure of Arr4 GEF activity, we showed that Arr4 accelerates the rate of [
32 P]GTP hydrolysis, from 0.009 to 0.021 pmol P i $pmol Gpa1

$min
21 ( Figure 3C ). Arr4 itself, with copper, or without copper, could not hydrolyze GTP. We also purified a related human protein (hAsna-I) [18] but detected no GEF activity toward Gpa1, G i a, or G s a (data not shown).
Arr4 Promotes Pheromone Signaling In Vivo
To determine the role of Arr4 in GPCR signaling, we used three measures of pathway activity: MAPK activation, gene transcription, and mating. Pheromone is known to stimulate a downstream kinase cascade consisting of Ste11, Ste7, and the partially redundant MAPKs Fus3 and Kss1. To determine whether Arr4 modulates this response pathway, we first measured phosphorylation of Fus3 and Kss1 by using a phospho-MAPK-specific antibody. As shown in Figure 4A , basal and pheromone-induced MAPK activation was substantially diminished in arr4 mutant cells. We also tested salt-stress-dependent activation of another MAPK, Hog1. In this case we found no difference between wild-type cells and mutant cells that lack ARR4 ( Figure 4B) .
Activation of the MAPKs Fus3 and Kss1 results in selective induction of genes, such as FUS1. To further confirm that Arr4 is a component of the mating-response pathway, we measured transcription of mating-specific genes by using the highly selective FUS1-lacZ transcription reporter. Compared to wild-type, deletion of ARR4 caused a w50% decrease in pheromone-induced transcription ( Figure 4C) . Finally, to determine directly whether Arr4 contributes to cell fusion, we measured mating efficiency of MATa cells with wild-type MATa cells or MATa cells that lack ARR4. When compared to wild-type, arr4 mutant cells were w40% less likely to mate successfully ( Figure 4D ). The observed decrease in mating efficiency indicates that Arr4 contributes to mating but is not essential for this activity. Deletion of other pathway modulators that bind Gpa1, such as the effector protein Vps34 and the RGS protein Sst2, exhibits a comparable degree of mating impairment [19] [20] [21] . The observed reduction in mating mirrors the reduction in MAPK and transcription-reporter activities and further establishes Arr4 as a positive modulator of the mating pathway.
Discussion
For more than 20 years the yeast pheromone-response pathway has served as a model system for G protein signaling [9] . For the last decade, our understanding of the proteins involved in this pathway has remained relatively unchanged. Here, we report the discovery of a novel activator of yeast mating, one operating upstream of the G protein in conjunction with cellsurface pheromone receptors. Specifically, we find that Arr4 binds directly to the Ga subunit Gpa1 and induces nucleotide exchange. Arr4 binds as a dimer, given that the stoichiometry of the Arr4-Gpa1 complex is 2:1. Binding is selective, considering that Arr4 coprecipitates with Gpa1 but not Gpa2. Binding is stable, given that the complex can be resolved by steric-exclusion chromatography. Binding appears to be ligand dependent, considering that the complex is dissociated by removal of copper. Most of these behaviors are characteristic of known GPCRs, including the pheromone receptor Ste2. Finally, using complementary assays of mating-pathway activation, we find that Arr4 promotes Fus3 (but not Hog1) MAPK activation, promotes Fus3-mediated gene induction, and enhances mating efficiency. Again, all of these behaviors are characteristic of pheromone-receptor activation. Taken together, our results suggest that Arr4 functions as a GEF for Gpa1 and that this GEF activity serves to amplify the pheromone-response pathway.
It is worth emphasizing that all of the bioassays used here are highly specific for the mating pathway. Fus3 and the transcription reporter FUS1-lacZ are activated only in mating-competent haploid cells, and only upon stimulation by mating pheromones. Neither response occurs in the absence of a functional G protein. Although it is conceivable that Arr4 has additional functions in the cell, Arr4 clearly binds selectively and directly to Gpa1, and loss of this binding has significant consequences for the pheromone response. Moreover, comparable differences were observed for MAP kinase activity, transcription induction, and mating efficiency. Such differences are likely to be especially important in nonideal (i.e., nonlaboratory) growth conditions.
Arr4 binds preferentially to the nucleotide-free form of Gpa1, although binding can still be dectected for the GDP-bound form of the protein. Other cellular proteins, such as Gbg, may further modulate the nucleotide dependence of binding. Our working model, fully supported by the data, is that Arr4 acts after dissociation of G protein subunits and thereby sustains the signal. Alternatively, Arr4 could function like Ric-8a to promote GTP binding to Gpa1 directly, in the absence of bound Gbg. This model seems plausible considering that Ga expression was estimated to be w2-fold higher than that of Gbg [22] . Moreover, we have shown that Arr4 binds stably to Ga in the absence of Gbg (Figure 2 ). Other possibilities are that Arr4 activates the G protein heterotrimer in cooperation with pheromone receptors, or competes with Gbg for binding to Ga. Testing these more complex models will be challenging, because they require the ability to express and purify functional receptor and Gbg.
Other open questions are how Arr4 is itself regulated and, more specifically, whether Arr4 is activated by any internal or external stimulus. Arr4 was originally named because of its resemblance to bacterial arsenicals resistance proteins. More recently, the ARR4 gene was implicated through hierarchical clustering analysis to be involved in Golgi-to-ER trafficking and renamed GET3 [23] . ARR4/GET3 was also shown to function as an extragenic suppressor of npl4, encoding a component in the ubiquitin-proteasome system [24] . Gpa1 is ubiquitinated, but a role for Gpa1 activation in its ubiquitination has not been established [25] . Another possibility is that Arr4 is dynamically regulated by copper. In fact, Arr4 has been reported to localize to the cytoplasm but then translocate to punctate intracellular structures when cells are stressed with heat and/or metal ions [26] . The effect of these stresses on copper homeostasis is not known, however. Regardless, Gpa1 is expressed on the cytoplasmic face of the plasma membrane and would therefore be fully accessible to Arr4 in vivo.
Identification of nonreceptor exchange factors has been difficult, because no signature sequence or domain exists that accurately predicts activity. Indeed, there is no sequence similarity and no common predicted fold among receptor and nonreceptor GEFs. Here we have identified a novel GEF on the basis of its preferential binding to the Gpa1 N388D mutant. Our data suggest that analogous mutations in other Ga proteins could be used to identify GEFs in other systems as well. Our genetic studies in yeast reveal a critical role for Arr4 signaling in vivo, and they further suggest that nonreceptor GEFs may be more common and have a broader physiological function than previously appreciated.
Experimental Procedures
Standard methods for maintenance of yeast and bacteria, manipulation of DNA, purification and detection of proteins, and analysis of G protein guanine-nucleotide binding and hydrolysis were used throughout. Full Experimental Procedures and any associated references are available online.
Supplemental Data
The full experimental procedures and one table are available online at http:// www.current-biology.com/cgi/content/full/18/3/211/DC1/.
